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In the tobacco plant, nicotine N-demethylase enzymes (NND) belonging to the cytochrome P450 family
catalyse the conversion of nicotine to nornicotine, the precursor of the carcinogenic tobacco-speciﬁc
N-nitrosamine, N-nitrosonornicotine. To date three demethylase genes, namely CYP82E4, CYP82E5 and
CYP82E10, have been shown to be involved in this process, while the related CYP82E2 and CYP82E3 genes
are not functional. We have identiﬁed a further gene named CYP82E21 encoding a putative nicotine
N-demethylase closely related to the CYP82E genes. The CYP82E21 gene was found in all Nicotiana
tabacum cultivars analysed and originates from the tobacco ancestor Nicotiana tomentosiformis. We show
that, in contrast to all other previously characterized NND genes, CYP82E21 is not expressed in green or
senescent leaves, but in ﬂowers, more speciﬁcally in ovaries. The nicotine N-demethylase activity of
CYP82E21 was conﬁrmed by ectopic expression of the coding sequence in a tobacco line lacking func-
tional CYP82E4, CYP82E5 and CYP82E10 genes, resulting in an eightfold increase of nicotine demethyla-
tion compared to the control plants. Furthermore, nornicotine formation can be reduced in ovaries by
introducing a CYP82E21-speciﬁc RNAi construct. Together, our results demonstrate that the CYP82E21
gene encodes a functional ovary-speciﬁc nicotine N-demethylase.
© 2016 Philip Morris Products S.A. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The pyridine alkaloids nicotine, nornicotine, anatabine and
anabasine are found in many species of the genus Nicotiana at
varying relative concentrations. The alkaloid fraction of the
commercially most relevant plant, tobacco (Nicotiana tabacum),
consists predominantly (>90%) of nicotine (Eich, 2008).
Due to their pronounced neurotoxic activity, these alkaloids
serve as an efﬁcient protection of the plants against herbivores. In
addition, their presence in ﬂoral rewards has been shown to
modulate pollinator behaviour. In line with their ecological role as(V. Liedschulte), Joanne.
mi.com (H. Laparra), Aline.
on@pmi.com (B. Philippon),
ierro@pmi.com (N. Sierro),
mi.com (G. Lang), Simon.
ed by Elsevier Ltd. This is an openantifeedants, the production of alkaloids in the roots and their
accumulation in the shoot increase upon leaf damage (Baldwin,
1988; Baldwin and Ohnmeiss, 1993; Halpern et al., 2010). In to-
bacco production, the biosynthesis of nicotine is also induced by
the common agricultural practice of “topping” (i.e., the removal of
the ﬂowering head) (Qi et al., 2012).
In cultivated tobacco, alkaloids with a secondary amine moiety
such as nornicotine and anabasine are undesired as they are direct
precursors to carcinogenic tobacco-speciﬁc N-nitrosamines
(TSNAs) (reviewed by Hoffmann et al., 1994). TSNA formation
mostly takes place during the curing of the tobacco leaf (Andersen
et al., 1987; Burton et al., 1994), a drying process in which the to-
bacco leaf is changed both physically and chemically, and is
essential for both tobacco aroma and ﬂavour. During this curing
process nitrate is microbially reduced to nitrite which may react
then with alkaloids to yield nitrosamines. Further quantities of
TSNAs may be formed during tobacco pyrolysis (Moldoveanu and
Borgerding, 2008).
Besides its role as a precursor to N-nitrosonornicotine (NNN),access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
Fig. 1. Unrooted tree of CYP82E21 and related CYP82E coding sequences, generated by
the neighbour-joining method (Ntab: N. tabacum; Ntom: N. tomentosiformis; Nsyl:
N. sylvestris).
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humans by inducing aberrant glycation of proteins and covalent
binding to commonly used steroid drugs (Dickerson and Janda,
2002).
In tobacco, nornicotine is formed by oxidative demethylation of
nicotine. This conversion of nicotine to nornicotine is catalysed by
N-demethylase enzymes (NND) belonging to the family of cyto-
chrome P450monooxygenases (CYP). Several genes coding for such
NNDs have been identiﬁed in tobacco, of which three NNDs have
been shown to be involved in nornicotine formation in tobacco,
namely CYP82E4, CYP82E5 and CYP82E10 (Gavilano and Siminszky,
2007; Lewis et al., 2010; Siminszky et al., 2005). Of these NNDs,
CYP82E4 contributes most to nornicotine formation and differs
from CYP82E5 and CYP82E10. Indeed, CYP82E4 is speciﬁcally
expressed in senescent leaves and plays a major role in nicotine N-
demethylation during curing (Chakrabarti et al., 2008). Interest-
ingly, the fraction of the total alkaloids in tobacco leaves that is
nornicotine can rise from normally <5% to as much as 98% due to an
unstable “converter locus” that stimulates transcript accumulation
of CYP82E4 (Gavilano et al., 2006; Mann et al., 1964). Two further
related genes identiﬁed in tobacco, CYP82E2 and CYP82E3, do not
code for functional NNDs due to point mutations (Chakrabarti et al.,
2007; Gavilano et al., 2007; Siminszky et al., 2005).
In order to decrease the NNN content in tobacco, it is possible to
reduce the plant nitrate content or its metabolisation to nitrite by
modifying the curing process or by microbial treatment (Lu et al.,
2016; Wei et al., 2014). However, the knowledge of the nornico-
tine biosynthesis pathway in tobacco provides an alternative
strategy the targeting of the three identiﬁed NND genes CYP82E4,
CYP82E5 and CYP82E10 by RNA interference or by introgression of
non-functional variant forms. RNAi-induced silencing of CYP82E4
and its close homologues efﬁciently reduced nicotine to nornico-
tine conversion to about 0.8% (Gavilano et al., 2006) and conse-
quently leads to cured tobacco with reduced NNN levels (Lewis
et al., 2008). Knockout mutations in all three genes likewise
reduced conversion of nicotine to nornicotine to about 0.5% (Lewis
et al., 2010). The remaining nornicotine level suggests that either
the presence of further functional NND genes or a contribution of
other, hitherto unidentiﬁed, processes to nornicotine formation
exist.
In this study, we report the identiﬁcation of a novel member of
the nicotine N-demethylase family, its temporal and organ-speciﬁc
expression pattern, and its contribution to nicotine demethylation
in different plant organs.2. Results
2.1. The nicotine N-demethylase CYP82E21 is most closely related to
CYP82E4
During a genomic DNA sequencing effort aimed at building a
reference tobacco genome, we identiﬁed a novel member of nico-
tine N-demethylases that is very closely related to the described
CYP82E genes and that was termed CYP82E21 according to David
Nelson's classiﬁcation (Nelson, 2006). The CYP82E21 gene could be
identiﬁed in all N. tabacum varieties analysed. Its sequence was
conﬁrmed by PCR ampliﬁcation and Sanger sequencing.
The N. tabacum CYP82E21 gene is of Nicotiana tomentosiformis
origin since related sequence and transcripts have been observed in
N. tomentosiformis, but not in Nicotiana sylvestris (Sierro et al.,
2013). At the protein sequence level, CYP82E21 is most closely
related to CYP82E4 (94% identity) and to CYP82E3 and CYP82E2 (94
and 93% identity, respectively) and it shares 91% identity with
CYP82E5 and CYP82E10 (Fig. 1 and Fig. S1).2.2. CYP82E21 is not expressed in leaves but in ﬂowers
As previously reported, CYP82E4 and CYP82E2 are strongly
induced upon air-curing, whereas CYP82E5, CYP82E10 and CYP82E3
are already expressed in green tobacco leaves (Chakrabarti et al.,
2007).
The CYP82E2 gene was inherited from N. sylvestris where it is
still functional and leads to almost complete metabolism of
nicotine to nornicotine during curing, whereas the CYP82E3 gene
is derived from N. tomentosiformis where it is likewise still func-
tional and leads to high conversion of nicotine to nornicotine in
green leaves (Chakrabarti et al., 2007). The CYP82E2 and CYP82E3
genes in N. tabacum are not functional nicotine N-demethylases
due to point mutations leading to amino acid exchange in crucial
regions of the enzyme (Chakrabarti et al., 2007; Siminszky et al.,
2005; Fig. S1).
To determine the function of CYP82E21 and its role in nicotine
conversion, the expression of CYP82E21 and of the other functional
CYP82E genes was analysed. For this purpose, different organs of
greenhouse grown N. tabacum var. TN90 were harvested, RNA was
extracted and analysed via quantitative PCR. The PCR products
were sequenced to conﬁrm the speciﬁcity of the reaction.
The results are shown in Fig. 2 and conﬁrm the expression of
CYP82E5 and CYP82E10 in green leaves (Gavilano et al., 2007).
They were also expressed in all other organs that were tested.
CYP82E5 and CYP82E10, inherited from N. tomentosiformis and
from N. sylvestris, respectively, are most likely homeologs as they
show a very high sequence identity and a similar expression
pattern. Due to the sequence identity of CYP82E21 with CYP82E4,
which is like CYP82E21 of N. tomentosiformis origin, we expected a
similar expression pattern for CYP82E4 and CYP82E21. CYP82E4 is
reported to be expressed during senescence and also to show
higher expression in mature, compared to immature ﬂowers
(Chakrabarti et al., 2008), an observation which we also made.
While CYP82E4 and CYP82E21 were both expressed in ﬂowers,
CYP82E21was not expressed at detectable levels in leaves whereas
CYP82E4 showed expression exclusively in senescent leaves.
CYP82E4 and CYP82E21 were both expressed in roots, albeit to an
extremely low extent.
Fig. 2. Expression pattern of CYP82E21 and related functional CYP82E genes in
different organs of N. tabacum cv. TN90. For each gene, relative expression levels
compared to the housekeeping gene NtACT9 were determined and then calculated in
relation to each other with all organ expression values per gene summing up to 1. Bars
indicate mean ± SD of three biological replicates taken from three greenhouse grown
plants.
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As CYP82E4 expression is known to be induced during leaf
senescence (Chakrabarti et al., 2008), we investigated whether
CYP82E21 is expressed at any stage during tobacco curing. Relative
expression levels of CYP82E21 and related functional CYP82E genes
were analysed at different curing time points in N. tabacum cv.
Stella leaves (Fig. 3). Samples were taken in mature leaves (upper
stalk position) and in senescent leaves (lower stalk position) at
harvest time. The leaves were transported to an air curing barn and
a sample was taken when curing started and after 12, 24 and 48 h.
CYP82E5 and CYP82E10 were expressed to a similar extent in allFig. 3. Expression pattern of CYP82E21 and related functional CYP82E genes in
N. tabacum cv. Stella leaves at different curing time points. Samples were taken in
mature leaves (upper stalk position) and in senescent leaves (lower stalk position) at
harvest time. During air-curing, the ﬁrst sample was taken when curing starts (“0 h”)
and then again after 12 h (“12 h”), 24 h (“24 h”) and 48 h (“48 h”). Samples are taken
from pools of several leaves. Two pools were analysed as biological replicates, the
second replicate gave similar results (data not shown). For each gene, relative
expression levels compared to the housekeeping gene NtACT9 were determined and
then calculated in relation to each other with all organ expression values per gene
summing up to 1. Bars indicate mean ± SD of three technical replicates.samples, including green leaves which corresponds to literature
data (Gavilano and Siminszky, 2007). On the contrary, expression of
CYP82E4 was activated only in senescent leaves and the level of
expression increased during the ﬁrst 12 h of air-curing prior to
declining at later time points. During this curing time-course
experiment, CYP82E21 was not expressed in leaves. Thus, we
concluded that CYP82E21 does not contribute to nicotine conver-
sion in leaves, but may play a more speciﬁc role in ﬂowers.
2.4. CYP82E21 is speciﬁcally expressed in ovaries
In order to analyse the organ-speciﬁc expression of CYP82E21 in
ﬂowers, mature ﬂowers of N. tabacum cv. TN90 were dissected from
three plants (biological replicates). Six organs were isolated: sepals,
petals, ovaries, stigma including style, ﬁlaments and anthers. The
organs were extracted and CYP82E21 expression analysed (Fig. 4).
CYP82E21 expression was found almost exclusively in ovaries, with
very low expression levels observed in other ﬂower organs.
2.5. CYP82E21 encodes a functional nicotine demethylase
Although the predicted CYP82E21 protein sequence presents a
high level of sequence similarity with other demethylases such as
CYP82E4, CYP82E5 and CYP82E10, its precise function cannot be
inferred by homology alone, since it has been shown that a few
amino acids difference is sufﬁcient to alter substrate speciﬁcity in
the cytochrome P450 family (Gavilano et al., 2007; Fig. S1).
The function of CYP82E21 was conﬁrmed by ectopic expression
in tobacco. For this purpose, an expression construct was designed
with the CYP82E21 coding sequence under the control of a consti-
tutive promoter (mirabilis mosaic virus promoter, MMV) in an
ultra-low nicotine to nornicotine converter Burley plant back-
ground (TN90 tobacco cultivar) carrying mutations in CYP82E4
(W329Stop), CYP82E5 (W422Stop) and CYP82E10 (P381S) genes
(Lewis et al., 2010). From twenty independent primary trans-
formants (T0) as well as from ﬁve control plants, leaves of mature
plants were analysed for CYP82E21 expression as well as forFig. 4. CYP82E21 expression in ﬂower organs of N. tabacum cv. TN90. The NtACT9 gene
was used as normalizer, the immature ﬂower sample as calibrator. Bars indicate
mean ± SD of three biological replicates taken from three greenhouse grown plants.
The different ﬂower organs of each plant were pooled from several ﬂowers in order to
obtain enough material for extraction.
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(Fig. 5). Mutations in CYP82E4, CYP82E5 and CYP82E10 were
conﬁrmed in all transgenic and control lines using the CAPS/dCAPSFig. 5. (a) Relative CYP82E21 expression and (b, c) nicotine to nornicotine conversion
levels in (b) young and (c) mature plants, measured in leaves of the nine highest
CYP82E21 overexpressing T0 lines in an ultra-low converter N. tabacum cv. TN90
cyp82e4/cyp82e5/cyp82e10 background and in untransformed N. tabacum cv. TN90
cyp82e4/cyp82e5/cyp82e10 plants (Ctrl). CYP82E21 expression levels measured in the
different T0 plants were expressed relative to plant #3 which was randomly chosen.
Bars indicate mean of three technical replicates for CYP82E21 expressing T0 plants and
mean ± SD of 5 biological replicates for the controls.assay (Li et al., 2012), which was modiﬁed for CYP82E5.
Expression data conﬁrmed that CYP82E21 was not expressed in
control TN90 cyp82e4/cyp82e5/cyp82e10 green leaves (Fig. 5a). Six
of the transgenic lines that showed the highest levels of CYP82E21
expression (#10, #3, #16, #15, #17, and #20) exhibited elevated
nicotine to nornicotine conversion, indicating a correlation be-
tween CYP82E21 expression and conversion (R2 ¼ 0.79; Fig. S2a).
Nicotine to nornicotine conversion was 0.5% in control plants, and
was increased up to fourfold in young and up to eightfold (~4%) in
matureMMV:CYP82E21 high-expressing lines (Fig. 5b, c). Low levels
of nicotine to nornicotine conversion indistinguishable from the
control plant level were observed in plants showing the lowest
expression of the transgene. These data demonstrate that the newly
identiﬁed CYP82E21 gene encodes a functional nicotine N-deme-
thylase. Interestingly, in the best expressing lines we did not ach-
ieve any conversion higher than 4% which is in contrast to
overexpression studies with CYP82E4 in which 90% conversion
were observed (Siminszky et al., 2005).
2.6. Silencing of CYP82E21 leads to up to 90% reduced conversion in
ﬂower ovaries
A silencing construct was designed to speciﬁcally target
CYP82E21, using a relatively short (100 bp) speciﬁc sequence of
CYP82E21 in forward and reverse direction, separated by an intron
sequence. The construct was expressed constitutively under the
control of the MMV promoter in an ultra-low converter Burley to-
bacco background (cv. TN90) lacking functional CYP82E4, CYP82E5
and CYP82E10 genes (as described in 2.5). From nine independent
primary transformants (T0) as well as from ﬁve control plants,
ovaries of mature ﬂowers were collected from several ﬂowers and
analysed for CYP82E21 expression as well as for nicotine and nor-
nicotine levels in order to calculate conversion (Fig. 6). Mutations in
CYP82E4, CYP82E5 and CYP82E10 were again conﬁrmed in all
transgenic and control lines using the modiﬁed CAPS/dCAPS assay
(Li et al., 2012).
CYP82E21 expressionwas reduced in all plants carrying the RNAi
construct (Fig. 6a). In low CYP82E21 expressing lines, conversion of
nicotine to nornicotine was reduced by up to ten-fold to 0.5%
(Fig. 6b). Expression levels and nornicotine conversion rates are
correlated (R2 ¼ 0.85; Fig. S2b). These results suggest that
CYP82E21 is functional and accounts for about 90% of nicotine
conversion in ovaries of tobacco TN90 cyp82e4/cyp82e5/cyp82e10
plants.
3. Discussion
Based on the high sequence similarity between CYP82E21 and
CYP82E4, both derived from the N. tomentosiformis ancestor, it is
likely that CYP82E21 and CYP82E4 were formed by a duplication
event. Although both genes are expressed in ﬂowers, their
expression pattern at different ﬂower stages is not identical.
Overexpression and silencing experiments of CYP82E21 showing
respectively increased and reduced conversion compared to control
plants demonstrate that this gene encodes a functional nicotine N-
demethylase.
In the TN90 cyp82e4/cyp82e5/cyp82e10mutant background, the
best CYP82E21 overexpressing lines showed a maximum conver-
sion of around 4% in leaves. This contrasts with the results of
overexpression of CYP82E4 which had previously led to 90% con-
version (Siminszky et al., 2005). One explanation could be that
CYP82E21 carries out an additional catalytic role and that deme-
thylation is only a low efﬁciency or secondary activity. It is known
that various levels of speciﬁcity can be observed throughout the
P450 class of enzymes (Cochrane and Vederas, 2014; Diaz-Chavez
Fig. 6. (a) Relative CYP82E21 expression and (b) nicotine to nornicotine conversion
levels in ovaries of mature ﬂowers of nine CYP82E21 RNAi T0 plants in an ultra-low
converter N. tabacum cv. TN90 cyp82e4/cyp82e5/cyp82e10 background and in un-
transformed N. tabacum cv. TN90 cyp82e4/cyp82e5/cyp82e10 plants (Ctrl). CYP82E21
expression levels of Ctrl plants were set to 1. Bars indicate mean of three technical
replicates for CYP82E21 expressing T0 plants and mean ± SD of 5 biological replicates
for the controls.
V. Liedschulte et al. / Phytochemistry 131 (2016) 9e16 13et al., 2013). It has been shown, for example, that methylanabasine
can be a substrate for the nicotine demethylases (Cai et al., 2012).
Alternatively, the comparatively overall weak conversion could
be explained by a stereospeciﬁc conversion of (R)-nicotine. Such a
stereospeciﬁc activity was demonstrated for CYP82E5 and
CYP82E10 (Cai et al., 2012, 2013). Within these demonstrations it
was shown that the leaves of the triple mutant exhibited conver-
sion level of 0.5% and that the (R)-nicotine fraction represented
around 4% of the total nicotine content. Concomitant decrease of
the (R)-nicotine fraction and increase of the (R)-nornicotine in the
plants containing WT alleles of either CYP82E5 or CYP82E10 or both
supported this conclusion: CYP82E5 and CYP82E10 perform the
same function and show no additive effect on nicotine demethy-
lation (Cai et al., 2013). Conversely, CYP82E4 has been distinctively
shown to catalyse the demethylation of both enantiomers of
nicotine and therefore it increases the overall nornicotine pool in
senescent leaves (Cai et al., 2012, 2013).
In an additional experiment where CYP82E21 was overex-
pressed in TN90 WT background, we could not identify any trans-
genic lines with increased conversion rate (data not shown). This
could suggest non additivity of CYP82E5, CYP82E10 and CYP82E21.While demethylation being only an accessory activity catalysed by
CYP82E21 cannot be ruled out, we suspect that the activity of
CYP82E21 could be stereospeciﬁc and limited by the 4e5% (R)-
nicotine present in the TN90 cyp82e4/cyp82e5/cyp82e10.
The observation of 5% conversion in the ovaries of the triple
mutant while only 0.5% was observed in the leaves of the same
plant is equally surprising. Special nornicotine storage/transport or
de novo synthesis could be reasonable hypotheses. As silencing of
CYP82E21 reduced conversion from 5% to 0.5% in ovaries of the
triple mutant plants we assume its implication in the observed
conversion of 5% in ovaries. The ﬁnding that level of conversion in
ovaries with functional CYP82E21 is similar to the one observed in
the leaves of the CYP82E21 overexpression lines and in linewith the
reported fraction of (R)-nicotine is a further indication for the hy-
pothesis that CYP82E21 might act as an (R)-speciﬁc demethylase.
In vitro assays for substrate speciﬁcity and analysis of enantio-
meric fractions of nicotine and nornicotine in plants where
expression of CYP82E21 is down- or up-regulated will be required
to test this hypothesis. Additionally, grafting experiments as per-
formed by Cai et al. (2013) using null alleles of CYP82E21might also
be required to pinpoint the precise contribution of CYP82E21 in
overall nornicotine synthesis.
The ecological role of nicotine demethylation in ﬂowers remains
to be elucidated. Increased alkaloid levels in ﬂowers can lead to
reduced pest damage and also play a role in the relationship with
pollinators (Adler et al., 2001; McCall and Karban, 2006). Alkaloids
are also found in nectar and pollen, where they can favour out-
crossing and attract pollinators (Adler et al., 2012; Irwin et al., 2014;
Kessler and Baldwin, 2007; Kessler et al., 2012; Marlin et al., 2014;
Singaravelan et al., 2005). Speciﬁc expression of nicotine N-deme-
thylases in ovaries could contribute to modulation of ﬂower or
nectar composition with respect to nicotine and nornicotine con-
tent and their enantiomer fraction. All these factors, including the
toxicity or attraction of (S)- and (R)- nicotine and (S)- and (R)-
nornicotine towards certain pests or pollinators or also alternative
substrate speciﬁcities might have played a role in the evolution of
the different CYP82E members.
4. Conclusion
As a product of enzymatic nicotine N-demethylation, nornico-
tine is widespread in the genus Nicotiana. Since nornicotine is a
precursor to the carcinogenic tobacco-speciﬁc N-nitrosamine NNN,
efforts have been undertaken to understand nornicotine formation
and to apply this knowledge to develop tobacco cultivars with
reduced nornicotine content. This has resulted in the discovery of
the genes CYP82E4, CYP82E5 and CYP82E10 which are responsible
for most of the nornicotine formation in tobacco leaves (Gavilano
and Siminszky, 2007; Lewis et al., 2010; Siminszky et al., 2005)
and that these genes can be useful targets for establishing low-
nornicotine tobacco lines (Gavilano et al., 2006; Lewis et al., 2010).
In the present study, we describe a new nicotine N-demethylase
gene, CYP82E21, which is closely related to other CYP82E group
genes and encodes a functional nicotine N-demethylase. However,
in contrast to the previously identiﬁed CYP82E enzymes, CYP82E21
does not contribute to nornicotine formation in leaves, but mainly
in ovaries. The speciﬁc expression of CYP82E21 in ﬂowers is likely
the reason that this gene had not been discovered previously.
We assume that CYP82E21 might have similar stereo speciﬁcity
as CYP82E5 and CYP82E10 and is involved mainly in (R)-nicotine
demethylation. Upon conﬁrmation of this hypothesis, CYP82E21
would class with CYP82E5 and CYP82E10 as speciﬁc (R)-nicotine
converting N-demethylases apart from CYP82E4. The result would
allow further analyses on the structural basis for this stereospeciﬁc
conversion.
V. Liedschulte et al. / Phytochemistry 131 (2016) 9e1614It might be speculated that the possibility for differential
expression of the various nicotine N-demethylase genes in different
plant organs is beneﬁcial for the plant. This would enable an organ
speciﬁc regulation of alkaloid composition, thus addressing the two
known chemo-ecological roles of nicotinic alkaloids in Nicotiana
sp., i.e., feeding deterrence and the modulation of pollinator
behaviour. Further experiments are needed, notably, the determi-
nation of the tissue speciﬁc localisation of CYP82E21 and the other
nicotine N-demethylases and their respective effect on ﬂower and
nectar alkaloid composition and investigations on the inﬂuence on
pollinator behaviour.
5. Experimental
5.1. General experimental procedures
Sequence alignment and phylogenetic tree. The phylogenetic tree
was constructed using Bioedit v 7.2.5 software (Hall, 1999). The
sequences were aligned with the automated ClustalW module
(Thompson et al., 1994). The distance between the sequences was
calculated using the DNAdist module using the default parameters
and the tree was generated using the Neighbor Joining algorithm
(Saitou and Nei, 1987). The tree was drawn with FigTree (Rambaut,
2014).
Sequences. The following coding sequences (Genbank identi-
ﬁers) were used for the phylogenetic tree as well as for primer
design for expression analysis. N. tabacum: CYP82E2: DQ131887.2;
CYP82E3: DQ131888.1; CYP82E4: DQ131885.1; CYP82E5:
EU182719.1; CYP82E10: HM802352.1; CYP82E21: XM_016644847.
N. tomentosiformis: CYP82E21: XM_009629684; CYP82E3:
EF042306.1; CYP82E4: EF042307.1; CYP82E5: XM_009620923.
N. sylvestris: CYP82E2: EF472002.1; CYP82E10: HQ259993.1. The
genomic sequence of N. tabacum CYP82E21 was conﬁrmed by
Sanger sequencing.
Generation of CYP82E21 expression and RNAi plants. For con-




TATCCCGTT-30) was used in sense and antisense direction,
connected by a hairpin loop. The construct was designed with
Gateway sites and synthesized by Geneart™ (Thermo Fisher Sci-
entiﬁc, Regensburg, Germany). It was transferred into an expres-
sion vector using the Gateway technology and corresponding
enzymes (Invitrogen™, Thermo Fisher Scientiﬁc, Carlsbad, CA,
USA). Agrobacterium tumefaciens was transformed with the
expression vector and used for tobacco leaf disc transformation
using previously described methods (Horsch et al., 1985).
Sterile culture of tobacco plants. Plants were grown under axenic
conditions in Murashige and Skoog medium containing vitamins
and MES-buffer, which was supplemented with 2% sucrose and
0.8% Phyto Agar (Duchefa, Haarlem, The Netherlands). Plants were
grown in 16 h of light (24 C) and 8 h of darkness (20 C).
Expression analysis using qPCR. Total RNA was extracted from
tobacco using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
RNAwas digested using RQ1 RNase-free DNase (Promega, Madison,
WI, USA) and the DNase reaction was stopped using RQ1 DNase
stop solution (Promega, Madison, WI, USA). RNA was reverse
transcribed using an oligo dT15 primer, dTNPs, RNasin Plus RNase
Inhibitor and M-MLV Reverse Transcriptase, RNase (H-), Point
Mutant (all from Promega, Madison, WI, USA). qRT-PCR was per-
formed on the Mx3005P system (Stratagene, Agilent, Waldbronn,
Germany). Ampliﬁcation reactions were carried out using ABsolute
Blue SYBR Low Rox Mix (Thermo Fisher Scientiﬁc, Surrey, UK). For
each target, different primer pairs were designed and tested forprimer dimer formation and their performance in a qPCR run. Their
efﬁciency was tested using a standard curve with a ﬁve-fold dilu-
tion of cDNA. The PCR products were sequenced in order to verify
that the primers speciﬁcally amplify their target sequence. As the
different CYP82E genes are close in sequence, primer design was
complex and the chosen primers do not always show optimal ef-
ﬁciency. The discrepancies in efﬁciency mean that the qPCR
experiment values are gene speciﬁc and do not represent an ab-
solute expression value. Therefore, the comparison in expression
values is valid for each gene between the various organs but not
between genes. The following primer pairs were used: CYP82E21
was ampliﬁed with forward primer (50-TTGATCCAGGGTTTCAAT-
TACAGC -30) and reverse primer (50-AACGTACCAAATTA-
GAAAAACGTGTACC-30), CYP82E4 with forward primer (50-
TTTTCAGAATTGGTTAGAGGAACATATTAAT-30) and reverse primer
(50- TGTGTCTATCTCTTCTTGTGCTTTCG -30), CYP82E5 with forward
primer (50- AGAGATTCTTCGCTGATGATATTGACTAC -30) and reverse
primer (50- CCGTAATTGTCACTTCTACAGGATTTACT -30), CYP82E10
with forward primer (50- GCTGATATTGACTTTCGTGGTCAA -30) and
reverse primer (50- GCGAGGCGTAATTACCACTTCTAT -30). As an in-
ternal standard, the NtACT9 gene encoding actin 9 was used with
forward primer (50- CTATTCTCCGCTTTGGACTTGGCA -30) and
reverse primer (50- AGGACCTCAGGACAACGGAAACG -30). For
CYP82E21 expression analysis of the CYP82E21 RNAi plants, forward
primer (50- AATTTTGGTCTCATCGTGAAGATGATA-30) and reverse
primer (50- TCACTCTCTTCTACCCATCTATCCTTG -30) were employed.
LC-UV/MS analysis of ovaria. Weighed aliquots (ca. 50 mg) of
frozen and pulverized ovaria were extracted with aq. NH4OAc
(100mM; sample/solvent ratio 1:3 w/v) by shaking (1 h; 70 C). The
extraction mixtures were centrifuged and the supernatants ana-
lysed by LC-UV/MS on an UHPLC system (Ultimate 3000; Thermo
Fisher Scientiﬁc, Bremen, Germany) equipped with a photodiode
array detector and connected to a mass spectrometer (Q Exactive;
Thermo Fisher Scientiﬁc, Bremen, Germany). Chromatographic
separation was performed on an Acquity UPLC BEH C18 column
(1.7 mm, 50  2.1 mm; Waters, Milford, MA, USA); the column
temperature was set to 55 C. Eluents were water with 0.1% NH3
(eluent A) and MeOH (eluent B) applied as a gradient (0 mine25%
B; 1.9 mine60% B; 2.0 mine100% B; 2.4 mine100% B; ﬂow: 0.6 mL/
min). The autosampler was programmed to inject 5 mL of each
sample together with the same volume of an internal standard
solution (nornicotine-d4, 2 mg/mL in MeOH). Nornicotine and
nicotine were eluted after 1.00 and 1.58 min, respectively. For MS
detection, positive mode electrospray ionizationwas applied with a
capillary voltage of 3.7 kV, full scan datawere acquired over a range
m/z of 145e200. Nornicotine was quantiﬁed using its [MþH]þ
signal at m/z 149.10732 trace and that of the internal standard (m/z
153.13243). Nicotine concentrations were calculated from peak
area measurements (in the 260 nm trace) using external calibra-
tion. Nicotine conversion was calculated as [nornicotine]/
([nornicotine]þ[nicotine])  100.
LC-UV/MS analysis of freeze-dried plant material. Weighed ali-
quots (ca. 25 mg) of lyophilized and pulverized plant material were
extracted with water (1.5 mL; 90 C; 1 h). After centrifugation, al-
iquots (66.7 mL) of the supernatants were mixed with MeCN
(883 mL) and nornicotine-d4 solution (50 mL; 2 mg/mL acetonitrile),
centrifuged again and the resulting supernatants analysed by LC-
UV/MS on an Acquity UPLC system (Waters, Milford, MA, USA)
coupled to a tandem quadrupole MS detector (Acquity TQD; Wa-
ters, Milford, MA, USA). Chromatographic separation was per-
formed on an Acquity UPLC BEH HILIC column (1.7 mm,
150  2.1 mm; Waters); the column temperature was set to 50 C.
Eluents were aqueous HCOONH4 (33 mM) adjusted to pH 4.5 with
HCOOH (eluent A) and MeCN (eluent B) applied as a gradient
(0 mine17% A; 2.0 mine30% A; 2.1 mine50% A; 2.6 mine50% A;
V. Liedschulte et al. / Phytochemistry 131 (2016) 9e16 15ﬂow: 0.5 mL/min). The injection volume was 5 mL. Nicotine and
nornicotine were eluted after 1.82 and 2.22 min, respectively. For
MS detection, positive mode electrospray ionization was applied
with a capillary voltage of 1.3 kV. Nornicotine was quantiﬁed using
the MRM transition 149.0/132.0 (153.0/136.0 for nornicotine-d4)
with cone voltage and collision energy set to 30 V and 14 V,
respectively. Nicotine concentrations were calculated from its peak
area (in the 250 nm trace) using external calibration. Nicotine
conversion was calculated as [nornicotine]/([nornicotine]þ
[nicotine])  100.
DNA extraction and CAPS/dCAPS assay. Leaf samples were
extracted using the BioSprint 96 (Qiagen, Hilden, Germany)
together with the BioSprint 96 DNA plant kit (Qiagen, Hilden,
Germany). DNA samples were analysed in a CAPS/dCAPS assay (Li
et al., 2012) using the MnlI assay for CYP82E4, HaeIII for CYP82E5
and HphI for CYP82E10. One modiﬁcation was included in the
CYP82E5 assay in order to improve the speciﬁcity of the reaction.
The E5H1 primer pair can bind the CYP82E10 gene and produce a
band comparable to the CYP82E5 wild type allele in the gel.
Consequently, a ﬁrst PCR reaction was performed using the E5S1
sequencing primer pair and then the product of this PCR was used
in a second nested PCR using the described E5H1 primers. The
nested PCR product was then digested by HaeIII.
Plant material
TN90 (PI 543792, TC 586, USDA -GRIN database), Stella (SOTA,
CH).
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